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Abstract
The level scheme of 212Rn has been extended to spins of ∼ 38h¯ and excitation energies of about 13 MeV using the 204Hg(13C, 5n)212Rn
reaction and γ -ray spectroscopy. Time correlated techniques have been used to obtain sensitivity to weak transitions and channel selectivity. The
excitation energy of the 22+ core-excited isomer has been established at 6174 keV. Two isomers with τ = 25(2) ns and τ = 12(2) ns are identified
at 12211 and 12548 keV, respectively. These are the highest-spin nuclear isomers now known, and are attributed to configurations involving triple
neutron core-excitations coupled to the aligned valence protons. Semi-empirical shell-model calculations can account for most states observed,
but with significant energy discrepancies for some configurations.
© 2008 Elsevier B.V. All rights reserved.
PACS: 21.10.Tg; 21.60.Cs; 23.20.Lv; 27.80.+w
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The N = 126 closed-shell nuclide 212Rn, with 4 valence
protons outside the Z = 82 closed proton shell, has been an
important testing ground for the study of multi-particle high-
spin states and for illuminating the factors which govern the
nuclear structure in this region [1–3]. One focus has been on
the question of whether oblate deformation develops with in-
creasing numbers of particles grouped near the nuclear equator,
as investigated in the context of the deformed independent par-
ticle model [4,5]. Although it predicts significant deformation
for core excited states near J ∼ 30h¯, the only direct experi-
mental evidence [6], from the measurement of the quadrupole
moment of the Jπ = 63/2− isomer in 211Rn whose configu-
ration is directly related to the 30+ isomer in 212Rn, argues
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doi:10.1016/j.physletb.2008.02.055against a significant deformation [6]. The main ingredients con-
trolling the formation of the yrast line seem to be the attractive
proton–neutron residual interactions which offset the cost in
energy in promoting neutrons out of the core, and the non-
linear particle-octupole-vibration coupling which favours spe-
cific (multi-particle) proton and neutron configurations [7].
Early studies identified high-spin yrast isomers in 212Rn up
to spins of 30h¯ [1,2] and excitation energies of about 8.5 MeV,
some involving double neutron core-excitations. A Jπ = 33−
isomer and high-lying γ -ray transitions were subsequently ob-
served [3]. Yrast states with related configurations have also
been identified in 211Rn and 210Rn [8,9]. Still higher-spin states
with relatively simple configurations could be formed in 212Rn
by combining the valence protons and other double neutron
core-excitations, to occupy the g9/2, i11/2 and j15/2 orbitals
above the neutron Fermi surface. The simplest of these are
likely to involve proton components such as (h39/2i13/2)17−
and (h29/2i
2
13/2)20+ coupled to two-neutron core-excitations
such as (p−21/2g9/2i11/2)10+ or (p
−2
1/2j
2
15/2)14+ , giving states with
J ∼ 34h¯. At that stage triple neutron core-excitations may also
20 G.D. Dracoulis et al. / Physics Letters B 662 (2008) 19–25Fig. 1. Level scheme of 212Rn showing the new decays of the 22+ isomer and states above it. The arrow widths indicate approximately the relative γ -ray intensities.become competitive. The present study of 212Rn was aimed at
characterising the level scheme in this limiting region of angu-
lar momentum.
2. Experiments and level scheme
Two sets of measurements were made using similar beam-
target conditions but with different configurations for the
gamma-ray array CAESAR. An oxide target enriched in 204Hg
was used for both, with a pulsed beam of 13C at 88 MeV pro-
vided by the ANU 14UD Pelletron accelerator. The pulses of
about 1 ns in width were separated by 856 ns. A relatively high
energy was chosen to enhance the high-spin population in the
204Hg(13C, 5n)212Rn reaction. In the first set of measurements
the array comprised six hyperpure Ge detectors and one LEPS
detector for enhanced low-energy efficiency. The six detectors
in the array are arranged in the vertical plane, in pairs, at an-
gles with respect to the beam direction of ±97◦, ±148◦ and
±48◦, allowing γ -ray anisotropies to be measured. In the sec-
ond set of measurements, the array was augmented with the
addition of three large volume Ge detectors (80% efficient) and
an additional LEPS detector, all in the horizontal plane.
The times of all γ -ray events were measured with respect
to the beam pulses with a relative time-difference acceptanceof ±428 ns, chosen partly to optimise data collection rates for
transitions feeding and following the 150 ns, 22+ isomer at
6167 +  keV and the 220 ns, 30+ isomer at 8572 +  keV.
The 22+ isomer was previously assumed [1] to decay by an
unobserved transition to the 20+2 state at 6167 keV. In the
present work the observation of new branches from the 20+2
state at 372.3 and 739.5 keV, in addition to the strong 395.0 keV
branch known before, confirms its position, but the identifica-
tion of parallel decays of 747.2 keV to the yrast 20+ state at
5427 keV [10,11], and 402.5 keV to the 5771.4 keV 19− state,
directly from the isomer, has also allowed the energy of the
22+ state to be defined. As shown in the new level scheme
(Fig. 1) the 22+ isomer is placed at 6174.2(2) keV with a value
of 7.6(2) keV for , as deduced from the energy difference in
two pairs of γ -rays.
In this case and in generally defining the scheme, the ability
to gate on transitions above and below the isomeric states leads
to unambiguous placement of transitions and definitive channel
selection. The lowest three panels of Fig. 2 show the spectra
obtained with delayed time gates on the 968, 736 and 701 keV
γ -rays, the three strongest transitions in cascade below the 30+
isomer.
These and other data clearly indicate the order of the main
cascade transitions above, at 924 and 1117 keV, on the basis
G.D. Dracoulis et al. / Physics Letters B 662 (2008) 19–25 21Fig. 2. Spectra gated on the main cascade transitions as indicated, with various time conditions: early gates will select transition above each isomer, while the prompt
condition is ±150 ns. (The 228 keV transition appears in some gates because of time walk. Contaminants are indicated by filled circles.)of (i) intensities, (ii) prompt-delayed intensity ratios (iii) time
spectrum for each, since the 1117 keV transitions is known to
directly depopulate a 7 ns isomer while the 924 keV transition
is essentially prompt [3], and (iv) the presence of transitions
which are in parallel with the main cascade.2 The 1117 keV
transition was previously shown to be of stretched E3 mul-
tipolarity [3] leading to the Jπ = 33− assignment for the
7 ns isomer at 9696 keV. The 924 keV transition and sev-
eral others were reported in ref [3] but not placed or charac-
terised.
All γ -rays in the spectra of Fig. 2 have now been incorpo-
rated in the level scheme (Fig. 1), establishing many new states
and also decay paths parallel to the main transitions. It should
be noted that the 735.1 keV γ -ray placed above the 924 keV
transition is only partially resolved from the strong 736.3 keV
transition below, but it can be isolated since several isomers
intervene between the two. The 857 keV transition is placed
as depopulating the isomeric state at 12211 keV. Its lifetime
is deduced from the time spectrum shown in Fig. 3. It can be
2 This re-confirms the previously established order [3], in contradiction to the
subsequent claim by Kmiecik et al. [12] that the 924 keV transition should be
placed below the 1117 keV transition.identified with the unplaced isomer with a meanlife of ∼ 30 ns
for which evidence was shown in Ref. [3]. Note also that the
857 keV transition is only partially resolved from the strong
855 keV transition in 211Rn, which depopulates an isomer of
41 ns [3], a contaminant avoided with the present techniques.
As can be seen from the prompt and early-delayed gates shown
in the top three panels of Fig. 2, the 336 keV transition is the
strongest γ -ray feeding the isomer at 12211 keV. The 336 keV
transition itself depopulates a short isomer (see Fig. 3), the
highest observed in this nucleus.
3. Spin and parity assignments
Analysis of the data from the second experiment was partly
aimed at providing angular anisotropy information to constrain
multipolarities, by using delayed time gates to select transitions
above the 30+ isomer at 8579 keV, without contamination. This
was particularly important for the 735.1 keV transition and the
857 keV transition mentioned earlier. The selection was accom-
plished by constructing three matrices of transitions observed in
each of the three pairs of detectors in the vertical plane (defin-
ing three angles with respect to the beam axis), on one axis,
with delayed transitions observed in any of the other eight large
22 G.D. Dracoulis et al. / Physics Letters B 662 (2008) 19–25Fig. 3. Left panel: Anisotropies for transitions above the 22+ isomer. Filled symbols indicate transitions directly below or strongly fed by the 220 ns 30+ isomer,
which would be partly attenuated. Right panel: Time curves and fits for the transitions directly depopulating the uppermost isomers.detectors. Gates were then set on the delayed transitions and
spectra constructed from which anisotropies could be deter-
mined.
The results are summarised in Fig. 3 in terms of the nor-
malised distribution co-efficient A2/A0. Definitive results were
obtained for most of the strong transitions in the scheme, in-
cluding several whose multipolarities were known, allowing the
internal consistency of the method to be checked. A number
of firm spin and parity assignments have thus been made, and
constraints placed on the spins of essentially all of the states ob-
served. Details of the assignments will be covered in a separate
publication together with new information on the lower part of
the scheme. However, some comments are appropriate here.
In particular, the 1117 keV transition exhibits a large posi-
tive A2 coefficient, consistent with its earlier firm assignment
as a stretched E3 transition. In contrast, the 924 transition has a
very large negative anisotropy suggesting a mixed M1/E2 tran-
sition, leading to the Jπ = 34− assignment for the 10620 keV
state. The 735 keV transition has a similar anisotropy (opposite
in sign to that of the lower-lying 736 keV transition) giving a
35− assignment for the 11355 keV state, consistent also with
the presence of a 1658 keV crossover transition to the 33−
state. The 868 keV transition also has an anisotropy close to the
maximum possible for a mixed J = ±1 transition, hence the
assignment of Jπ = 31+ to the 9447 keV state. The 354 keV
transition from the 8933 keV state is also of interest in that it has
a large positive A2 but is a decay from a weakly populated state,
implying a J → J rather than a stretched quadrupole transition,
hence the suggested 30+ assignment.
The 857 keV transition depopulating the 12211 keV, 25 ns
isomer (which has two other weak branches) has a positive
A2/A0 coefficient suggesting either a stretched quadrupole
transition (E2 or M2) or less likely, a stretched E3 transition.
Its anisotropy is lower than that of the 1117 keV E3 transi-
tion, although it does overlap within errors. There could also
be additional relaxation effects due to the (slightly) longer life-
time of the 12211 keV state compared to the 9696 keV state,although for such high spins and short lifetimes, these should
be minimal. The transition strengths for the alternative E2,
M2 and E3 multipolarities for the 857 keV transition would
be 7.2(10) × 10−4, 0.087(13) and 65.6(96) W.u., respectively.
The plausibility of these will be discussed later in terms of
specific configuration changes. That leads to the possible spin
and parity assignments of 37−, 37+ or 38+ for the 12211 keV
state. The 336 keV dipole transition that directly feeds the
12211 keV state and depopulates the 12 ns isomer at 12548 keV,
has a transition strength of 5.9(12) × 10−7 W.u. if it is E1, or
4.8(9) × 10−5 W.u. if it is M1. The former would be a normal
E1 strength while the hindered M1 possibility would require
explanation.
4. Semi-empirical shell-model
Large-scale shell-model calculations have been reported for
the N = 126 isotones but these methods are not capable at
present of describing states which involve core excitations
[13,14]. Instead, calculations in the framework of the em-
pirical shell model (ESM) were carried out, similar to those
described in our related work [9,15] which follows the ap-
proach outlined by Blomqvist [16]. In such calculations, the
energy of a basis state depends on the single particle energies
and a weighted sum of two-body interaction matrix elements.
While the interactions used are based primarily on those of
Lönnroth [17], some cases have been revised recently, as tab-
ulated by Bayer et al. [18]. Further updates are reported in
our parallel study of the N = 126 isotone, 210Po [19]. The
model space used allows for the distribution of the valence pro-
tons over the h9/2, f7/2 and i13/2 orbitals and neutron holes
over the p1/2, f5/2,p3/2 and i13/2 orbitals. Only core exci-
tations involving neutrons into the g9/2, i11/2 and j15/2 or-
bitals were considered. Proton core excitations are not compet-
itive.
These calculations do not explicitly take into account parti-
cle-octupole-vibration coupling, nevertheless, the strong E3
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Calculated multi-particle configurations in 212Rn above Jπ = 30+
Jπ Proton config. Neutron config. Ecalc. (keV) Eexp. (keV) Coupling1
30+ (h29/2i213/2)20+ p
−2
1/2g9/2i11/2 9105
2 8579 m
30+ (h39/2i13/2)17− p
−2
1/2i11/2j15/2 9263
2 8933 m
31+ (h29/2i213/2) p
−1
1/2f
−1
5/2g9/2i11/2 9796 9447 m − 2
31+ (h39/2i13/2) p
−1
1/2f
−1
5/2g9/2j15/2 9885 9510 m − 1
31− (h29/2i213/2) p
−2
1/2g9/2j15/2 9785 (9609) m − 1
32− (h29/2i213/2)20+ p
−2
1/2g9/2j15/2 9572
3 m
32− (h29/2i213/2) i
−1
13/2j15/2 10350 (10103) m − 1
32+ (h29/2i213/2) p
−1
1/2f
−1
5/2g9/2i11/2 10107 (10125) m − 1
33− (h29/2i213/2)20+ p
−2
1/2i11/2j15/2 10274 9696 m
34− (h29/2i213/2) p
−1
1/2f
−1
5/2g9/2j15/2 10589 10620 m − 1
34− (h29/2i213/2)20+ p
−1
1/2p
−1
3/2g9/2j15/2 10781
3 (11086) m
34+ (h39/2i13/2)17− f
−2
5/2i11/2j15/2 11188 (11176) m
34+ (h29/2i213/2)20+ f
−2
5/2g9/2i11/2 11401 (11176) m
35− (h29/2i213/2) p
−1
1/2f
−1
5/2g9/2j15/2 11299 11262 (or 11355) m
35− (h29/2i213/2) p
−1
1/2f
−1
5/2i11/2j15/2 11350 11355 (or 11262) m − 1
35− (h29/2i213/2) p
−1
1/2i
−1
13/2g9/2i11/2 11502 (11463) m − 2
35− (h39/2i13/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 11517 m − 2
35+ (h29/2i213/2) p
−1
1/2f
−1
5/2j
2
15/2 12041 (11880) m − 2
36− (h39/2i13/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 11542 (11671) m − 1
36+ (h29/2i213/2) p
−2
1/2f
−1
5/2g
2
9/2j15/2 12160 (11828) m − 2
37− (h29/2f7/2i13/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 12033 12211 m − 1
37+ (h29/2i213/2) p
−1
1/2i
−1
13/2g9/2j15/2 11941 (12053) m − 2
37+ (h29/2i213/2) p
−2
1/2f
−1
5/2g
2
9/2j15/2 12256 m − 1
38+ (h29/2i213/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 12136 12548 m − 2
39+ (h29/2i213/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 12213 m − 1
39+ (h29/2i213/2) f
−1
1/2i
−1
13/2g9/2j15/2 13199 m − 3
39+ (h29/2i213/2) p
−2
1/2f
−1
5/2g9/2i11/2j15/2 13250 m − 1
40+ (h29/2i213/2)20+ p
−2
1/2f
−1
5/2g9/2i11/2j15/2 12949
3 m
1 Coupling indicated by (m) for maximum, etc.
2 30+ states will be mixed by multiple-octupole-vibration coupling.
3 Energy will be increased by blocking of the octupole-mixed component.transitions that result are a key signature of configuration rela-
tionships. The use of empirical energies also means that energy
shifts from coupling to the octupole vibration are incorporated
to some extent into both diagonal energies and into the effective
particle–particle interactions. However, as discussed in Ref. [8]
in the context of 211Rn, when maximally aligned configurations
such as ν(g9/2j15/2)12− are involved, the presence of the g9/2
neutron blocks the g9/2 ⊗ 3− component in the mixed j15/2
wave function. For these, the residual interaction could be sig-
nificantly more repulsive than otherwise implied by the empiri-
cal interactions. It can be seen from Table 1, which contains the
lowest calculated states for Jπ  30h¯, the highest-spin states
predicted in the region of the triple neutron core-excitations
are obtained by mutual alignment of the valence proton con-
figuration with population of the g9/2, i11/2 and j15/2 neutron
orbits and some contribution from the f5/2 neutron-hole. It adds
a spin of either 1/2−, 3/2−, or 5/2−, the last being the least
favoured because of the repulsive interaction between aligned
protons and neutron holes. This gives rise to the predicted se-
quence of 38+, 39+ and 40+ states, beyond which it is moredifficult to form states at low energy. In principle, spins up to
44h¯ can be generated by alignment of the i13/2 neutron hole but
only partially aligned cases, such as the predicted 37+ state at
11941 keV fall near the yrast line.
5. Comparison with theory
The earlier configuration assignment to the 33− state at
9696 keV was based on the strong E3 transition connecting
it to the lowest 30+ state. Such a transition is characteristic
of the configuration change and was further supported [3] by
the detailed agreement obtained between the observed strength
of 43(6) W.u. and the predicted strength of 41 W.u. from the
multiparticle-octupole coupling model. This coupling invokes
mixing between the 30+ configurations that are orthogonal in
the ESM model space, the two lowest of which are given in
Table 1. These can be associated with the lowest experimental
30+ state at 8579 keV and the new state at 8933 keV, connected
by the 354 keV transition. This pair is directly analogous to the
pair of 63/2− states proposed in 211Rn (connected by a 293 keV
24 G.D. Dracoulis et al. / Physics Letters B 662 (2008) 19–25Fig. 4. Calculated multi-particle states in 212Rn above spin 20h¯ compared with
experiment. The five lowest states predicted for each spin and parity are shown.
(Experimental states are indicated by filled symbols.) Approximate regions of
single-, double- and triple-core excitations are also indicated.
J → J transition). Their configurations differ from the 30+
state configuration only by the addition of a partially aligned
f5/2 neutron hole (see Ref. [8] and Table 1). Two 25− states are
also now identified in 212Rn, the yrast state at 7142 keV and the
yrare state, 383 keV above.
From the table and Fig. 4, where an expanded set of calcu-
lated states is compared with experiment, it can be seen that
there is a variable level of agreement between the predicted and
observed energies. As will be discussed in a full report on this
work, the same calculations for lower-lying non-core-excited
states, of which there are now 24 known between spins of 8h¯
and 20h¯, reproduce experiment to better than 50 keV, for all
but one state. In comparison, the energies of the 22+ and 25−
states which involve valence proton configurations and the low-
est one-neutron core-excitation (p−11/2g9/2) are underestimated
by up to 150 keV. The level of agreement is similar for the
f −15/2g9/2, p
−1
3/2g9/2 and p
−1
1/2j15/2 core-excitations, associated
with the newly identified 26− states at 7819 keV and 7863 keV,
and the 28+ state at 8497 keV. (Note that the 28+ state has a
1355 keV E3 branch to the 25− state, consistent with the pro-
posed configuration change.)
The 27−, 30+ and 33− states were previously identified as
double neutron core-excitations, assignments supported by the
enhanced E3 transitions connecting them [3]. The energies of
these states are significantly overestimated in the ESM calcu-
lation, by 300 keV, 526 keV and 578 keV respectively, a trend
opposite to that discussed above. A common factor in each of
the cases which show a discrepancy is the occupation of the
i11/2 neutron orbital, an observation that might imply a prob-
lem with its theoretical energy, or assumed residual interac-
tions, although this conjecture is not supported by the results
of Ref. [19]. Further on this point, the lowest calculated 31+
state at 9796 keV is again higher than the suggested 31+ exper-
imental state at 9447 keV, a discrepancy of 350 keV. A similar
level of disagreement and overestimation of excitation energieswas found in the comparison between theory and experiment
for some of the highly-excited states in 211Rn [8].
In contrast, the new 34− state at 10620 keV agrees well with
the lowest calculated state at 10589 keV, whose (double core-
excited) configuration involves the g9/2 and j15/2 orbitals, but
not the i11/2 orbital. The configuration of the strongly popu-
lated 35− state at 11355 keV, is less obvious in that there are
two experimental 35− states and two calculated states with sim-
ilar energies, but it is the upper experimental state that is more
strongly populated. The two lowest calculated 35− states are
both double core-excitations with similar configurations. Note
also that only the upper of the 35− states at 11355 keV has an
E2 branch (1658 keV) to the 33− state below, consistent with
its association with the calculated state at 11350 keV whose
configuration is closely related to that of the yrast 33− state.
Three possible assignments (37−, 37+ or 38+) were sug-
gested above for the 12211 keV isomer which preferentially
decays to the upper of the two 35− states at 11355 keV. The
possibilities were:
(i) Jπ = 37−: In this case the 857 keV transition is a very
hindered E2 (7.2(10)×10−4 W.u.) while the 950 keV transition
is even more hindered (4.4(11) × 10−5 W.u.). This situation is
reminiscent of that which occurs in the decay of the 23+ isomer
in 210Rn where similar hindrances were attributed to configu-
ration changes [9]. This would be consistent with association
of the 212Rn, 12111 keV isomer with (in a shorthand notation)
the π(h2f i)18− ⊗ νp−2f −1gij triple core-excitation predicted
at 12033 keV. The decay to the 35− states would be severely
hindered because in the two cases, both proton and neutron
configurations differ. This assignment could lead to a natural
explanation for the 12 ns isomer above, as being the 38+ state
from the π(h2i2)20+ ⊗ νp−2f −1gij configuration predicted at
12136 keV. It is also a triple core excitation but with a differ-
ent proton configuration, consistent with a slow E1 transition
between the two isomers and no decays to lower states.
(ii) Jπ = 37+: The 857 keV transition would be an 0.087(13)
W.u. M2, while the 950 keV transition is weaker at about
0.005 W.u. The lower of the 37+ states predicted at 11941 keV
is a double core-excitation involving the i13/2 neutron hole,
with a configuration of π(h2i2)20+ ⊗ νp−1i−1gj . Decays to
both 35− states would be relatively slow since each involves
changing several neutron orbitals, rather than being a single or-
bital change of the sort that could be associated with a relatively
strong M2. The other predicted 37+ state (12256 keV) from the
π(h2i2)20+ ⊗ νp−2f −1g2j triple core-excitation configuration
also implies orbital changes that would be inconsistent with the
observed decays.
(iii) Jπ = 38+: This implies enhanced E3 transitions of
66(10) W.u. for the 857 keV transition and 3(1) W.u. for the
950 keV transition. However, the configuration of π(h2i2)20+ ⊗
νp−2f −1gij would not be connected to either of the 35− states
by enhanced E3 transitions as they involve a change from a
triple to a double core-excitation.
Therefore, only a 37− assignment is consistent with the ob-
served decay strengths of the 25 ns isomer, and it also leads
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isomer, with a 38+ assignment.
Returning to Fig. 4, it is clear that the density of predicted
states near the yrast line is relatively high. This situation arises
because there are a significant number of alternative ways of
generating states of the same spin and parity, in contrast to
the lower spin region. As discussed earlier, the 30+ and 33−
states favoured in experiment are not as favoured in the the-
ory. Furthermore, the group of predicted states which stands
out is the sequence 38+, 39+ and 40+, all from the same con-
figuration. We have associated the 38+ state with the isomer at
12548 keV (calculated at 12136 keV) but neither of the other
two have obvious counterparts in experiment, since there is a
gap of nearly 1 MeV before other states are observed. While it
could be argued that deformation will become more significant
with more core excitations, thus lowering energies, the trend in
the comparison is that the calculated states are too high in the
double core-excitation region, but too low in the triple core-
excitation region. Another important issue is that in aligned
triple core-excitations, all of the main proton and neutron or-
bitals above the Fermi surface and the neutron holes below
the neutron Fermi surface, that is, essentially all microscopic
components of the collective octupole vibration itself, will be
blocked. This should significantly affect both E3 strengths [20]
and energies, as well as the octupole susceptibility of the core.
It underlines the need for microscopic theories that can incor-
porate multi-particle excitations together with collective modes,
self-consistently.
6. Summary and conclusions
In summary, an extensive level scheme has been obtained for
the N = 126 nuclide 212Rn, up to angular momenta of about
38h¯ and excitation energies in excess of 13 MeV. The 25 ns
isomer at 12211 keV and a 12 ns isomer at 12548 keV are
identified as probable 37− and 38+ states, arising from triple
neutron core-excitations. These are the highest-spin isomers
identified to date. Many of the observed states have counterparts
in the spectrum calculated with the semi-empirical shell-model
although significant discrepancies occur, indicating deficiencies
in treating multiple core-excitations.Acknowledgements
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